Objective: The goal of this study was to examine the hypothesized mediating role of cognitive processing speed (CPS) in the relationship between cardiovascular disease (CVD) and executive functioning (EF). We investigated whether the processing-speed hypothesis in aging also explains the unique contribution that CPS may have to EF deficits in CVD patients. Method: A neuropsychological assessment, including multiple measures of CPS and EF, was administered to 21 older adults with a history of CVD and 73 older adults with no history of CVD. Structural equation models were used to measure the indirect associations between CVD and 6 EF task outcomes through a CPS factor. Competing indirect links were assessed using the product-of-coefficients (␣ ‫ء‬ ␤) approach with bias-corrected bootstrap confidence intervals. Results: CVD was significantly, negatively related to CPS (␤ ϭ Ϫ.239, 95% CI [Ϫ.457, Ϫ.021]). CPS was significantly, positively related to an EF composite score (␤ ϭ .566, 95% CI [.368, .688]). CVD was significantly, negatively related to the EF composite score (␤ ϭ Ϫ.137, 95% CI [-.084, Ϫ.211]). The indirect links from CVD to the individual measures of the EF composite score via CPS were all significant. CVD most adversely affected tasks of cognitive flexibility and inhibition indirectly through CPS. Conclusion: With the present study, we have demonstrated that the processingspeed hypothesis in aging extends to older adult patients with CVD. Reduced CPS significantly underlies the link between CVD status and poorer EF. Individuals with CVD demonstrated poorer CPS and EF than those without CVD, and CPS was specifically implicated as a CVD-related mechanism leading to worse EF.
Cardiovascular disease (CVD) remains the leading cause of death in the United States, accounting for 610,000 deaths each year (Centers for Disease Control, 2013) . Its prevalence dramatically increases as people reach advanced age, such that CVD is present in over 70% of individuals 75 years or older. This is particularly alarming given that the proportion of older adults in today's societies is rising substantially due to falling birth rates, societal development, and increased longevity (Bloom, 2011; Lutz, Sanderson, & Scherbov, 2008) . Globally, it is estimated that the number of individuals aged 60 and over will reach two billion in 2050 (United Nations, 2013) . In the United States, it is estimated that there will be nearly twice as many older adults over 65 than children under 15 (Centers for Disease Control, 2013; Cohen, 2003) . In addition to its effects on physical well-being, CVD causes significant psychological, social, and economic hardship (Haan et al., 1997; Mangano, 1995; Miller & Missov, 2001; Smith & Mensah, 2003; Rich, 1997) . It is estimated that the annual direct cost of CVD in the United States exceeds $300 billion (Mozaffarian et al., 2015) .
Many CVD patients develop cognitive problems, including consistent observations of slowed cognitive processing speed (CPS) and impaired executive functioning (EF; Cohen et al., 1999; DeRight, Jorgensen, & Cabral, 2015; Gunstad et al., 2005; Jefferson, Poppas, Paul, & Cohen, 2007; Nordlund et al., 2007; Paul et al., 2005; van Buchem et al., 2014) . For example, Jefferson and colleagues (2007) found that CVD patients with low cardiac output (Ͻ4.0 L/min) demonstrated significantly worse EF compared to CVD patients with normal cardiac output (Ն4.0 L/min). These authors hypothesized that subcortical areas critical to EF (e.g., frontal areas) were negatively affected by the reduced blood flow of the CVD patients with low cardiac output.
Considering that the overall domain of CPS appears to be represented by a system of integrated brain networks, disruption of coordination between these networks (i.e., due to hypoperfusion and white-matter damage) likely results in slowed CPS. In fact, research by Turken et al. (2008) found that CPS is closely associated with the structural integrity of major white-matter tracts that run along the anterior-posterior axis of the brain, allowing frontoposterior network interactions. Thus, in addition to the wellknown declines in cognition due to healthy aging, the presence of CVD alone may lead to cognitive decrements due to its effects on major white-matter tracts.
Although the cognitive sequelae have historically received less attention than the emotional and psychosocial effects of CVD, there is compelling evidence that cognitive functioning is an important determinant of health status, quality of life, and functional ability (Baltes, Wahl, & Schmid-Furstoss, 1990; Bastone & Kerns, 1995; Depp & Jeste, 2006; Reichstadt, Depp, Palinkas, & Jeste, 2007; Rowe & Kahn, 1997; Royall, Chiodo, & Polk, 2000) . In fact, even subtle cognitive problems among CVD patients affect their ability to benefit from treatment (e.g., cardiac rehabilitation) and may portend more serious problems like vascular dementia (Cohen et al., , 2002 .
CPS is of particular interest to research on normal age-related cognitive decline because it is a fundamental component of many of the brain's other cognitive functions (Rypma & Prabhakaran, 2009; Salthouse, 1996) . In fact, slowed CPS significantly contributes to declines in performance in other cognitive domains, including multiple components of EF (Finkel, Reynolds, McArdle, & Pedersen, 2007; Gold, Powell, Xuan, Jicha, & Smith, 2010; Kennedy & Raz, 2009; Salthouse & Coon, 1993; Whiting & Smith, 1997) . In healthy adults, for example, CPS ability declines by more than 50% between the ages of 25 and 65 on the Symbol Search subtest of the Wechsler Adult Intelligence Scale (WAIS; Wechsler, 2008) . Therefore, the accurate assessment of CPS ability may serve as a sensitive predictor of changes in higher order cognitive abilities and an early marker of brain dysfunction (Duering et al., 2014; Eckert, 2011; Salthouse & Ferrer-Caja, 2003; Tam, Lam, Huang, Wang, & Lee, 2015) . Indeed, measures of CPS are frequently employed to detect cognitive changes associated with both normal age-related and pathological changes in brain integrity (Lezak, Howieson, Bigler, & Tranel, 2012) .
CPS has long been considered to have a pervasive role in cognitive aging (Birren & Fisher, 1995; Salthouse, 1996; TuckerDrob, Johnson, & Jones, 2009) , and these effects are likely exacerbated by CVD. The relationship between age-related cognitive decline and CPS is often referred to as the processing-speed hypothesis and implies a mediational indirect effect of age on cognitive functioning through CPS. The cognitive decrements due to CVD are highly correlated with aging, leading previous research to conceptualize CVD as an aging accelerator (Lakatta & Levy, 2003a , 2003b O'Rourke & Hashimoto, 2007 ). Yet, to our knowledge, no prior research has investigated the processing-speed hypothesis in CVD patients. Thus, despite the pivotal role EF and CPS occupy in the functional abilities of older adults with CVD, it is unknown to what degree CPS mediates the relationship between these variables.
Given how fundamental CPS is to performance in higher order cognitive domains like EF, and, consistent with the processingspeed hypothesis, it follows that CVD may incur risk for EF deficits via CPS. As CVD affects CPS and white-matter connections associated with CPS, it is important that we investigate the degree to which CVD influences EF through CPS. In the present study, we examined linkages between CVD, CPS, and six components of EF in a cross-sectional sample of older adults. Specifically, our first aim was to test the associations between CVD status, CPS, and EF. Second, we tested a mechanistic model to confirm the direct links between CVD, and EF via CPS in this sample. We hypothesize that CVD status and EF will be indirectly associated via the CPS mediator.
Method Participants
Individuals with CVD (n ϭ 21) were patients recruited from outpatient cardiology clinics in the Providence, Rhode Island area as part of a National Institutes of Health-funded study on the effects of CVD on brain functioning. Ages ranged from 59 to 86 years (M age ϭ 72.14; SD ϭ 8.87). Mean level of education was 15.71 years (SD ϭ 2.61). In addition to receiving direct care from a cardiologist, CVD patients must have had a history of cardiac disease that affected the structural integrity or other functioning of the heart. They underwent a cardiac exam to confirm the diagnosis of CVD. Other inclusion criteria were that participants be righthanded English speakers over 50 years of age, with normal or corrected vision and hearing at the time of testing. Patients with CVD were excluded if they had history of comorbid neurological disease (e.g., Alzheimer's disease, stroke, multiple sclerosis), traumatic brain injury (with loss of consciousness), substance abuse that resulted in hospitalization, diagnosis of current psychiatric illness, or any MRI contraindications (e.g., contraindicated metal implants).
A community sample of 73 healthy older adults was recruited via the same cardiac clinics (e.g., spouses), newspaper ads, and flyers. Ages ranged from 50 to 85 years (M age ϭ 63.11; SD ϭ 8.10). Mean level of education was 15.81 years (SD ϭ 1.95). Inclusion and exclusion criteria were the same as patients with CVD, except the confirmed absence of CVD was required (confirmed by cardiac exam).
All participants provided written informed consent prior to study participation and were monetarily compensated. The present study was approved by institutional review boards of Butler Hospital and Brown University (Providence, Rhode Island).
Procedures
All participants completed a neuropsychological assessment supervised by a licensed clinical neuropsychologist. The assessment took place in a quiet and private room. Responses to all neuropsychological assessment measures were collected via paper and pencil as per standardized procedures delineated in their respective manuals. All participants underwent a cardiac exam, which included an electrocardiogram test, an interview with a cardiologist, This document is copyrighted by the American Psychological Association or one of its allied publishers.
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and a functional magnetic resonance imaging assessment subsequently.
Measures
For all measures, raw scores were converted to age-corrected z scores using the prescribed procedures and normative samples of the measures from which the subtests were obtained.
CPS tasks. The Symbol Search subtest of the Wechsler Adult Intelligence Scale, (3rd ed.; WAIS-III; Wechsler, 1997) and the Coding subtest of the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS; Randolph, Tierney, Mohr, & Chase, 1998) were used to measure CPS. Symbol Search is often included in clinical neuropsychological assessments to measure CPS. This is a self-paced task during which examinees are allotted 2 min to complete as many items as possible. The task requires rapid comparisons to determine if a set of five target geometric designs includes one of two exemplars, which are positioned just to the left of the targets. If one of the exemplars is present in the set of target designs, participants draw a line through a "yes" box; if neither of the two exemplars is found in the group of target designs, a line is drawn through a "no" box. Participants were instructed to work as quickly and accurately as possible. The Coding subtest of the RBANS is similar to Symbol Search in that it is frequently used to measure CPS in clinical neuropsychological assessments. In this task, participants were instructed to fill in missing digits corresponding to shapes in a key located at the top of a page as quickly as possible for 90 s. Confirmatory factor analyses (CFA) were conducted to derive a latent factor of CPS based on age-adjusted z scores of the WAIS-III Symbol Search and RBANS Coding.
EF tasks. The current study included administration of selected subtests of the Delis-Kaplan Executive Function System (D-KEFS; Delis, Kaplan, & Kramer, 2001 ) to measure six components of EF. Each of the following subtests and trials was administered and scored according to established procedures.
The Number-Letter Switching trial of the D-KEFS Trail Making Test (Delis, et al., 2001 ) was administered to measure cognitive flexibility. This trial requires examinees to switch back and forth between connecting numbers and letters (i.e., 1, A, 2, B, etc., to 16, P) as quickly as possible until finished or 240 seconds have passed. The time, in seconds, required to finish the trial constitutes the participants score.
The Letter Fluency and Category Fluency trials, respectively, of the D-KEFS Verbal Fluency Test (Delis, et al., 2001) were also administered. On Letter Fluency, the participant is provided a phonemic cue (e.g., words beginning with a certain letter) and the participant has 60 s to produce as many words beginning with that letter with some exceptions (e.g., no names, proper nouns, or numbers). On Category Fluency, the participant is provided a semantic cue (e.g., animals) and given 60 s to produce as many words from that category as possible. Participants also completed the Category Switching trial of this subtest. Category Switching asks participants to switch back and forth between naming two separate semantic categories; participant scores were based on the number of correct items generated.
The Inhibition and Inhibition/Switching trials of the ColorWord Interference Test (Delis, et al., 2001 ) measured inhibition. On the Inhibition trial, the participant is presented with a page containing the words of various colors that are printed incongruently in a different color of ink. The participant is asked to say the color of the ink in which each word is printed as quickly as possible without making mistakes. The Inhibition/Switching trial is very similar to the Inhibition trial but half of the words are enclosed within a box. Participants are once again told to name the color of ink a word is printed in, except if it is printed in a box. If the word is printed in the box, the participants are asked to read the word (and not name the ink color). Performance is measured by completion time. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
Demographics. CVD was coded as 0 ϭ no CVD and 1 ϭ CVD. Sex was used as a covariate in the model and coded as 0 ϭ males and 1 ϭ females.
Statistical Analyses
Data were analyzed using Mplus Version 7.31 (Muthén & Muthén, 2012 ). Missing data were tested and determined to be missing at random (Little & Rubin, 2002) . Estimation of missing data were conducted using full-information maximum likelihood. Structural equation modeling (SEM) was used to examine the indirect associations between CVD and six EF task outcomes via a CPS factor. Statistical fit criteria suggested by Hu and Bentler (1999) assessed model fit. Competing indirect effects were assessed with the product-of-coefficients (␣ ‫ء‬ ␤) approach (Fritz & MacKinnon, 2007) using the bias-corrected bootstrap (10,000 replications) confidence intervals (Preacher & Hayes, 2008) . Table 1 contains demographic and descriptive data. Table 2 summarizes the bivariate zero-order correlations among the modeled variables.
Results

Descriptive Analyses
Measurement Model
The latent factor of CPS consisted of two age-corrected CPS measures: the WAIS-III Symbol Search subscale (Wechsler, 1997) and the RBANS Coding subscale (Randolph et al., 1998) . Loading factors were significant at the level p Ͻ .01, two-tailed, and larger than .4. Within the overall structural model, fit was excellent: 2 (8) ϭ 11.150, p ϭ .193; comparative fit index ϭ 0.990; rootmean-square error of approximation ϭ 0.065; standardized rootmean-square residual ϭ 0.041 (Hu & Bentler, 1999) . Figure 1 presents an SEM evaluating the direct associations between CVD, CPS, and the EF composite score. Sex was included as a covariate to control its variance. CVD was significantly, negatively related to CPS (␤ ϭ Ϫ.239, 95% CI [-.457, Ϫ.021]). CPS was significantly, positively related to the EF composite score (␤ ϭ .566, 95% CI [.368, .688] ). CVD was significantly, negatively related to the EF composite score (␤ ϭ Ϫ.137, 95% CI [-.084, Ϫ.211] ). Next, we tested and found that the direct effect from CPS to the individual measures of the EF composite score were all significant (see Table 3 ; Figure 2 ). The direct links from CVD to the individual measures of the EF composite were all nonsignificant (see Table 3 ). The indirect links from CVD to the individual measures of the EF composite score were all statistically significant (see Table 4 ).
Cardiovascular Disease, Cognitive Processing Speed, and Executive Functioning
The indirect effects of CVD on each measure of EF via CPS were contrasted against one another to determine if significant differences existed. Table 5 contains the results of these analyses. Number-Letter Switching was more adversely affected by CVD via CPS than was Category Fluency and Category Switching. Letter Fluency was more adversely affected by CVD via CPS than was Inhibition and Inhibition/Switching. No other contrasts of differences in indirect effects were statistically significant. This document is copyrighted by the American Psychological Association or one of its allied publishers. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
Discussion
The current study's primary aim was to examine the role of CVD in a sample of older adult patients as it related to EF and the potential mediating effect of CPS. Specifically, in line with our hypotheses, we found that CVD patients underperformed on CPS and EF measures to a greater degree than did a demographically comparable sample of older adults without the CVD condition. Further, we found that reduced CPS was negatively linked to EF.
The current study contributes to the extant literature by extending the processing-speed hypothesis in aging to encompass older adults with CVD, such that CPS deficits specific to this population are significantly associated with poorer EF. Consistent with our expectations and prior literature, the current results also show that CVD and EF are mediated by CPS. This finding held for a composite measure of EF as well as the individual EF measures from which it was comprised.
These findings replicate prior research suggesting that CVD is associated with worse EF outcomes (e.g., Moulaert, Verbunt, van Heugten, & Wade, 2009) , potentially implicating cardiovascular health as a unique contributor to the aging-EF relationship. Similarly, present findings show that CVD is inversely related to CPS, such that individuals with CVD demonstrated poorer CPS than those without CVD. This is consistent with prior literature that shows that CVD is associated with declines in CPS . Finally, reduced CPS significantly underlay the link between CVD status and poorer EF. These findings are consistent with prior research on nonpatient samples that has shown agerelated declines in CPS are associated with EF declines (Salthouse, 1996) and suggest that CVD significantly influences age-related declines in EF above and beyond normal aging without the presence of CVD.
The second aim of the current study was to test if CVD was indirectly associated with individual components of EF through the CPS mediator. This was done to determine whether or not the expected association between CVD with the EF composite score was driven by a single EF component. It was hypothesized that CVD would be inversely associated with each component of EF. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
As the EF composite consisted of six measures, we tested the indirect links from CVD to each of the EF subdomains and all were significant. These results demonstrate that CVD has a negative influence on multiple components of EF (i.e., cognitive flexibility, inhibition, and phonemic and semantic fluency) and that CPS mediated each. Comparisons of the indirect effects of CVD on particular components of EF via CPS with one another showed that D-KEFS Number-Letter Switching and Letter Fluency (Delis, et al., 2001) were most adversely affected. The contribution of this work to extant research is twofold. First, it provides support for the processing-speed hypothesis in an older adult population with CVD. Results implicate CVD as a potential mechanism of observed declines in CPS (Salthouse, 1996) . Although previous studies of the effects of age on cognition have primarily focused on healthy aging, this study provides further support for the importance of the role of CPS in EF of older adults with CVD. Extending the processing-speed hypothesis to CVD patients is particularly important given the large proportion of older adults with CVD and because this population is expected to grow in coming years.
Second, findings suggest that individuals with CVD would benefit from neuropsychological assessments that include CPS as a potential marker of accelerated cognitive decline in other domains. CPS assessments are brief and may efficiently and effectively indicate risk in CVD prior to the administration of a larger battery that includes EF measures. The evidence provided here suggests that CVD may be a marker for increased risk of declines in CPS, and subsequently, EF above and beyond typical aging. CVD may accelerate cognitive aging and may place individuals with a history of CVD at a higher risk of suffering from the resulting health and life disparities associated with declines in CPS and EF.
The specific neurobiological mechanisms of these effects need further study. Autoregulatory mechanisms are thought to protect the brain from systemic vascular dysfunction. Yet, there is increasing evidence that chronic CVD causes cerebrovascular dysfunction in the elderly, which ultimately leads to brain abnormalities (e.g., white-matter hyperintensities) and cognitive impairment as observed on neuropsychological tests and MRI (Aberg, 1974; Barclay, Weiss, Mattis, Bond, & Blass, 1988; Cohen & Gunstad, 2010; Cohen et al., 1999; Gunstad et al., 2005; Moser et al., 1999; Paul et al., 2005; Vogels et al., 2007) . Cardio-and cerebrovascular mechanisms of cognitive decline are likely exacerbated by CVD and lead to slowed CPS and subsequent EF declines. It is thought that reduced cardiac output and other systemic perfusion abnormalities contribute to these negative cognitive effects, but the process by which this occurs is not well understood (De Reuck, 1996; Lindsay, Hébert, & Rockwood, 1997; Petty, Parker, & Parker, 1992; Tatemichi et al., 1994) . Findings from the current study show CVD affects cognitive functioning via CPS. It has been well-documented that white-matter hyperintensities have strong effects on CPS and in CVD populations, and future research that investigates the role of brain abnormalities on the cognitive mechanisms observed in this study is warranted.
